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Abstract Middle ear surgery techniques have enabled to improve hearing destroyed by a disease.
Despite huge improvement in instrumentation and techniques the results of hearing improvement
surgery are still diﬃcult to predict. This paper presents the results of vibrations measurements
in a human middle ear obtained at the Medical University of Lublin. Vibrations of the stapes in
the case of the intact ossicular chain, after cement incus rebuilding and incus interpositions are
compared each other. In this aim a new approach of ossicles vibrations observation is introduced in
order to complete information obtained from classical approach which bases on the transfer function.
Measurements of ossicular chain vibrations are performed on fresh human temporal bone specimen
using the laser doppler vibrometer. Next, after classical research, the extended analysis with the
recurrence plots technique is performed. c© 2012 The Chinese Society of Theoretical and Applied
Mechanics. [doi:10.1063/2.1204312]
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Since more than 50 years middle ear surgery tech-
niques enable to improve hearing destroyed by a dis-
ease. A numerous procedures are currently used in
clinical practice and a variety of middle ear prostheses
are available. Despite huge improvement in instrumen-
tation and techniques the results of hearing improve-
ment surgery are still diﬃcult to predict. This is why
many researchers use laser doppler vibrometer (LDV)
as a tool to measure precisely vibrations of human mid-
dle ear ossicles1–4 to improve reconstruction technique
or understand mechanics of a middle ear. One of the
main goals of those researches is to determine factors
inﬂuencing hearing after ossicular reconstruction. Usu-
ally, results of measurements are presented as the trans-
fer function that is a relationship between input sig-
nal which usually is a sound source and output sig-
nal (displacement or velocity). Recently, various fac-
tors of tympanoplasty reconstruction have already been
tested. Bance et al.5 analysed whether prosthesis head
size, prosthesis length, or material used over prosthe-
sis had an eﬀect on a transfer function. A problem of
a prosthesis placement on diﬀerent sites on the stapes
footplate and its inﬂuence on velocity and displacement
of the ossicles was tested by Asai et al.6 Another study
presents an anatomically shaped incus prosthesis which
is used for reconstruction of the ossicular chain.7 Using
LDV, stapes footplate velocities over the range of test
frequencies are measured, from which either displace-
ments or the transfer function are calculated. Diﬀerent
types of cartilage tympanoplasty are also investigated.8
In most of the studies the transfer function is used as
a measure of eﬃciency of the applied method of ossicles
chain reconstruction. A phase is also used in reporting
the results. Usually, the input signal (sound source)
a)Corresponding author. Email: r.rusinek@pollub.pl.
acts on the tympanic membrane (TM) and the stapes
velocity as an output is recorded, but some researches
use the round window as an output.9
This paper describes a new approach of ossicles vi-
brations observation that can be useful to compare the
quality of the reconstructed ossicular chain with an in-
tact one. The tools used in nonlinear mechanics are
applied to recognize a vibration type. This advanced
analysis can be more eﬀective for veriﬁcation of vari-
ous methods of middle ear ossicles reconstruction than
a typical transfer function. According to the authors
opinion, this approach may complete the knowledge
about sound transmission in the middle ear.
Measurements of ossicular chain vibrations are per-
formed on fresh human temporal bone specimen at
Medical University of Lublin. The soft tissue is re-
moved and a standard antromastoidectomy with pos-
terior tympanotomy is performed. The mastoid facial
nerve is removed to visualize the stapes arch end foot-
plate. An artiﬁcial external ear canal of 25 mm length
and 9 mm diameter is then attached to the bone with
epoxy resin. The artiﬁcial canal is equipped with two
ports. One for an ear microphone (ER-7C Etymotic Re-
serch) and a second for a sound source (ER2 Etymotic
Reserch). The artiﬁcial canal is closed with a glass plate
to create a sound seal chamber. Pieces of a retroleﬂec-
tive tape (0.5 mm2 squares) weighing less than 0.05 mg,
are placed on the footplate of the stapes. The tempo-
ral bone specimen is then embedded in dental cement
and put in a temporal bone holder (Storz). The mea-
surements are performed on a antivibration table inside
a sound booth. Sound stimulus are frequency sweeps
from 0.2 to 8 kHz at 80–120 dB SPL. The sound source
is connected to power ampliﬁer to produce an adequate
signal output. The stapes footplate velocity is measured
with the LDV system composed of OFV-5 000 controller
with VD-06 velocity decoder (Polytec). OFV-534 sensor
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Fig. 1. Stapes velocity normalized for ear canal sound pres-
sure level for intact ossicular chain (1), incus rebuild with
bone cement (2), incus interposition (3).
head is connected to a joystick operated micromanipu-
lator, which is mounted on the operating microscope.
The helium-neon laser beam is directed with the micro-
manipulator on retroreﬂective targets on the object of
investigations through posterior tympanotomy.
The measurements have been recorded using pro-
cessing board NI6210 and DASYlab software. Next,
the experimental data are analyzed with the Matlab
package. Measurements of stapes velocity in a single
temporal bone specimen are analyzed in three cases:
ﬁrst, for intact ossicular chain, second the long process
of the incus is removed and third two method of ossic-
ular chain reconstruction are compared: bone cement
reconstruction of the long process and incus interposi-
tion. The results are analysed in classical way using the
transfer function and are compared with outcomes ob-
tained with the help of the recurrence plots technique
(RP) and recurrence quantiﬁcation analysis (RQA).
At the beginning the outcomes of experiment are
presented as the transfer function (Fig. 1). The root
mean square value (RMS) of the targets velocity have
been normalized to the sound pressure level recorded si-
multaneously from the artiﬁcial external ear canal. Ve-
locities of the stapes in an intact ossicular chain (No.1),
ossicular chain reconstructed with bone cement (No.2)
and with incus interpositions (No.3) are shown in Fig. 1.
Intact ossicular chain (No.1) characterizes the best
features, the level of vibrations velocity is the highest.
Appling reconstruction with bone cement, quite good
characteristic is observable, almost the same as in the
intact ear, however, there is a slight decrease of velocity
for frequencies below 0.8 kHz, and over 3 kHz. In the
range 6–8 kHz, decrease of 10 dB in vibrations veloc-
ity is noticeable. Moreover, starting from 4 kHz the
curves 1 and 2 diverge. That suggests the distribu-
tion of dominant frequencies can be changed quanti-
tatively and qualitatively above 4 kHz that can inﬂu-
ence the proper signal recognition by a human being al-
though, for speech recognition the frequency of 1–2 kHz
are the most important. Comparing the incus interpo-
sition technique (No.3), the shape of transfer function
is similar to the curve 1–2 kHz but velocity is distinctly
smaller (max 16 dB). Above 2 kHz, specially at 3–6 kHz
decrease is the highest – 30 dB. Then, vibrations are at
the noise level marked in the chart.
Further analysis is performed with the help of re-
currence plots (RP) which originally base on Takens
theorem10 and can be applied to any linear or nonlinear
systems.11,12 According to this the state of the system
described by time series x(t) can be represented by the
time delay vector in an m-dimensional space called “the
reconstructed phase space”
Xi = [xi, xi+τ , xi+2τ , ..., xi+(m−1)τ ], (1)
where m means embedding dimension and τ is time de-
lay. Each unknown point of the phase space at time in-
stant i is reconstructed by the delayed vector Xi. This
vector is useful only if parameters m and τ are properly
chosen by using appropriate methods. The time delay
and embedding dimension is estimated here by apply-
ing average mutual information (AMI) and false nearest
neighbors method (FNN), respectively. AMI is deﬁned
as
AMI(τ) = −
∑
pkl(τ) ln
pkl(τ)
pkpl
, (2)
where pk is the probability to ﬁnd a time series value in
the k-th interval, and pkl is the join probability that an
observation falls later into the l-th element. The AMI
is plotted versus the time delay τ , and the adequate
value of τ corresponds to the ﬁrst local minimum. This
procedure is an equivalent of an autocorrelation func-
tion for a linear case. The embedding dimension m is
obtained by means of FFN which bases on searching for
m-dimensional state space in which there are no false
crossings of the trajectories. This embedding dimension
is obtained after calculating the percentage of FNN be-
tween points in state space. FNNs are calculated using
reconstructed state space vectors Xi at diﬀerent em-
bedding dimensions but a constant time-delay. It is ac-
cepted that when the FNN percentage drops to zero, the
minimum required dimension to unfold the system into
its original state around its attractor is reached, which
also guarantees that the orbit is unique. The calcula-
tion of the FNNs requires the measurement of a distance
Rm deﬁned as the radius between neighbouring vectors
in consecutive dimensions. The square of the Euclidian
distance representing Rm as seen in dimension m is
Rm(i)
2 =
m∑
1
(
xi+(m−1)τ − xNNi+(m−1)τ
)2
, (3)
where xNN is the nearest neighbour (NN) of x. The
square of the Euclidian distance in dimension (m+1)
becomes
Rm+1(i)
2 =
m+1∑
1
(
xi+(m−1)τ − xNNi+(m−1)τ
)2
. (4)
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The change in distance (DR) between the points at di-
mension m and (m+ 1) is
RDR =
√
Rm+1(i)2 −Rm(i)2
Rm(i)2
. (5)
Determining the existence of a false nearest neighbour
depends on how the distance between state space vec-
tors behaves as the calculations progress in consecu-
tive dimensions. If the distance increases signiﬁcantly
with the increment of the embedding dimension, then
the vectors are false neighbours, and their closeness re-
sults from the reconstruction dynamics of the system,
not from its underlying dynamics. If the distance is
restricted within a certain threshold level close to the
state space points, then the state space points are real
neighbours resulting from the dynamics of the system.
The embedding dimension that adequately represents
the system is the dimension that eliminates most of the
false neighbours, leaving a system whose trajectories
are positioned in state space due to their underlying
dynamics, not to their reconstruction dynamics.13
Having the embedding parameters m and τ , RP
technique can be applied. The recurrence analysis is
a graphical method designed to locate hidden recurring
patterns, nonstationarity and structural changes, intro-
duced by Eckmann et al.14 A recurrence plot (RP) is
a graph which shows all those time instants at which a
state of the dynamical system recurs. RP is described
by computing the matrix Mij
Mij = H (ε− |Xi −Xj |) , (6)
where H is the Heaviside step function, ε is a tolerance
parameter (threshold), Xi is a delay vector of embed-
ding dimension. If the trajectory in the reconstructed
phase space returns at time i into the neighbourhood
of ε where it was j then Mij = 1, otherwise Mij = 0.
These results are plotted as black and white dots, re-
spectively. If ε is too small, there may not be recurrence
points. On the other hand, if ε is too large, almost ev-
ery point is a neighbour of every other point, that leads
to a big number of artiﬁcial points.15
In the paper the RP are drawn only for the most
interesting cases that is 0.6 kHz (Fig. 2) and 4 kHz
(Fig. 3). Stapes vibrations in case of intact ossicular
chain at excitation frequency of 0.6 kHz are regular
(Fig. 2(a)) because RP has long diagonal lines. After
reconstruction with bone cement, the stapes motion is
still regular but with small disturbances, demonstrated
in Fig. 2(b) as points on the diagonal lines. The ossic-
ular chain reconstruction using the incus interposition
changes the RP qualitatively because another vibration
period exists that is represented by the diagonal lines
with regular placed squares.
The vibration caused by 4 kHz stimuli are distin-
guished as less regular. The diagonal lines are discon-
tinuous and irregular. Diagonal lines are broken and
irregular. Interestingly, there is not noticeable diﬀer-
ences between the intact and reconstructed ear.
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Fig. 2. Recurrence plot for velocity signals for 0.6 kHz.
Because of the fact, that the recurrence plot method
is a bit subjective and interpretation of patterns in
RP is sometime diﬃcult, the recurrence quantiﬁcation
analysis (RQA) have been introduced by Zbilut and
Webber16 and next developed by Marwan.15,17,18 RQA
counts statistical parameters of the points and the lines
in RP to give so called measures. RQA is applied to
any dynamical nonlinear systems, mechanical19,20 and
biomechanical.21
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Fig. 3. Recurrence plot for velocity signals for 4 kHz.
All quantiﬁcations have been tested in this study
and next we selected three of them which identify the
behaviour of the system best, namely trapping time
(TT), divergence (DIV) and average length of the diag-
onal line (L). TT means the average length of vertical
line and is deﬁned as fallows
TT =
N∑
v=vmin
vP (v)
N∑
v=vmin
P (v)
, (7)
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Fig. 4. Recurrence quantiﬁcation analysis for intact ossic-
ular chain (1), incus rebuild with bone cement (2), incus
interposition (3). Tripping time (a), divergence (b), lami-
narity (c).
where P (v) is the histogram of the lengths v of the
vertical lines. DIV is the inverse of the longest diagonal
line (Lmax)
DIV =
1
Lmax
, (8)
The average length of the diagonal line (L) is given as
L =
N∑
l=lmin
lP (l)
N∑
l=lmin
P (l)
, (9)
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where P (l) is the histogram of the lengths v of the di-
agonal lines.
The results of trapping time calculations are pre-
sented in Fig. 4(a). TT declines for incus rebuilding
(bar No. 2) and especially in case of incus interposition
(bar No. 3). DIV (Fig. 4(b)) also falling down at fre-
quency of 0.6 kHz after incus interposition the most but
for 4 kHz the situation is not so clear. Although, incus
interposition technique is distinguished by very small
value of DIV that implies the worst feature of recon-
structed ossicular chain. As far as the average length
of the diagonal line (L) is considered, the situation is
similar (Fig. 4(c)). At 0.6 kHz the intact ossicular chain
is the most regular because the bar No.1 is the highest
while the third one is the smallest, meaning weak reg-
ularity. Generally, in case of 4 kHz diﬀerences between
intact ossicular chain and reconstructed middle ear are
not meaningful.
The methods of classical analysis of human ossicu-
lar chain vibrations are used here together with recur-
rence plots technique to estimate middle ear reconstruc-
tion using bone cement and incus interposition method.
The typical transfer function between the input and out-
put signal provides some basic information about am-
plitude of stapes vibrations. On the basis of the trans-
fer function, it is found that reconstruction of damaged
ossicular chain with the help of bone cement is better
than the incus interposition method which consists in
replacement of the incus part into the destroyed ossic-
ular chain. However, if we consider only the transfer
function some interesting details about ossicles motion
can be lost. Therefore, the proposed extended method
of analysis may give new insight in mechanics of mid-
dle ear and its medical treatments. Here, recurrence
plot technique is used because of its main advantage,
that is possibility of investigation very short time series
both from linear and non-linear systems. The analysis
of recurrence plots demonstrates regular and harmonic
stapes motion in case of intact ear and sub-harmonic
vibrations in case of reconstructed ossicular chain. The
least regular vibrations appear when the incus interpo-
sition is applied as a method of hearing lost treatment,
although recurrence plots and recurrence quantiﬁcation
analysis do not indicate signiﬁcant diﬀerences especially
at higher frequencies.
Summarizing all investigations, the classical and ad-
vanced approach proposed here seems to be useful and
complementary for the currently used in medical prac-
tice method. Recurrence plots allow to look at the prob-
lem under a diﬀerent aspects and to know stapes vibra-
tions nature.
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